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ABSTRACT
Gamma ray bursts (GRBs) are the most energeti eruptions known in the Universe. Instruments suh as
Compton-GRO/BATSE and the GRB monitor on BeppoSAX have deteted more than 2700 GRBs and, although
observational onrmation is still required, it is now generally aepted that many of these bursts are assoiated
with the ollapse of rapidly spinning massive stars to form blak holes. Consequently, sine rst generation
stars are expeted to be very massive, GRBs are likely to have ourred in signiant numbers at early epohs.
X-red is a spae mission onept designed to detet these extremely high redshifted GRBs, in order to probe the
nature of the rst generation of stars and hene the time of reionisation of the early Universe. We demonstrate
that the gamma and x-ray luminosities of typial GRBs render them detetable up to extremely high redshifts
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(z ∼ 10 to 30), but that urrent missions suh as HETE2 and SWIFT operate outside the observational range
for detetion of high redshift GRB afterglows. Therefore, to redress this, we present a omplete mission design
from the siene ase to the mission arhiteture and payload, the latter omprising three instruments, namely
wide eld x-ray ameras to detet high redshift gamma-rays, an x-ray foussing telesope to determine aurate
oordinates and extrat spetra, and an infrared spetrograph to observe the high redshift optial afterglow. The
mission is expeted to detet and identify for the rst time GRBs with z > 10, thereby providing onstraints on
properties of the rst generation of stars and the history of the early Universe.
Keywords: GRB, rst generation stars, spae mission, Pop III
1. INTRODUCTION
Before the launh of BeppoSAX in 1996, Gamma Ray Bursts (GRBs) were known only as explosive soures of
gamma photons, without an identied ounterpart in any other part of the spetrum. Subsequently, progress
inluded the explanation of both temporal and spetral variations of the afterglow. However, although thousands
of GRBs have now been disovered and observed, a large fration remain unobserved at other wavelengths. The
pauity of observations, poor positional auray and low photon uxes have been important limiting fators.
BATSE-observations of more than 1 500 GRBs revealed two lasses aording to duration [1℄. GRB progenitor
theory predits that the lass with the longest duration (∼ 20 to 100 s) is due to the ollapse of massive stars
[2℄, [3℄, and are detetable up to very large redshifts. For this lass, Galama et al. (1998) [4℄ provides strong
evidene for a physial relation between GRBs and supernovae, whih an be further lassed as faint, low energy
supernovae or bright, energeti ones [5℄. The latter, so alled hypernovae, are assoiated with the death of fast
rotating, massive stars [6℄. Consequently, sine early generations of stars are expeted to be very massive and fast
rotators [7℄, [8℄, [9℄,[10℄, [11℄, GRBs are likely to have ourred in signiant numbers at early epohs. Therefore,
they are being inreasingly reognized as potentially powerful probes of the very high redshift Universe [12℄.
Although several spae missions have been launhed to study GRBs (e.g. HETE2, INTEGRAL and SWIFT),
extremely high redshift GRBs are likely to remain undeteted/unidentied beause their afterglow signatures are
outside the observational range of urrent spae missions. Only GRBs up to redshifts of z∼6 an be observed by
their optial instruments. However, luminosities of typial bursts render them detetable even as far as z∼ 10 to 30
[13℄. For this reason, we propose a spae mission, X-red, dediated speially to nding early Universe GRBs.
Suh bursts (z∼10 to 30) will be redshifted into the x-ray region, with optial afterglows redshifted into the
infrared region. This work is based on a preliminary mission study onduted by these authors at the ESA
summer shool on the Birth, Life, and Death of Stars at Alpbah, Austria, in 2004. X-red is designed as an
ESA projet, to be launh between 2012 and 2020, and is planned as a 3 year mission, with the possibility of
extension up to 10 years.
2. OBSERVABLE SCIENCE DATA
In the following, we examine the feasibility of deteting high redshift GRBs in terms of both statistial number
of detetions and also adequate ux levels at x-ray and infrared wavelengths. The results ditate the demands
on instrumentation desribed in Setion 3. Observations desribed in the literature of the Universe at redshifts
(z∼0 to 5) allowed us to use three important assumptions: GRBs are produed by hypernovae, GRBs have the
same properties in the early Universe as they do today; and nally, ux extrapolation is possible to high redshifts.
However, we are aware that there are several theories about the early Universe (z∼5 to 30) that predit even
higher GRB frequenies and uxes. Therefore, it should be noted that our assumptions onstitute a worst ase
senario.
We an gauge the expeted number of detetable GRBs from the detetion rate of SWIFT [14℄ ombined
with our hosen instrument eld of view (FOV) and sensitivity, Setion 3.1. The detetion rate of X-red is
therefore estimated from Fig. 3 of Hartmann et al. (2004) [15℄, given the higher sensitivity of X-red ompared
to SWIFT. The total number is expeted to be on the order of 800 detetions over the 3 year mission lifetime.
Of these detetions, around 10% are expeted to be from GRBs at z> 5 (i.e. at least 80 GRBs at a distane
beyond whih GRBs have not yet been observed) while 2% (i.e. ∼15 detetions) are expeted to be from GRBs
at z> 10.
For high redshifted GRBs (z> 10) the peak energy output of 100 keV to 600 keV is shifted into the x-ray
regime. The observed luminosities span a few orders of magnitude, but tend to higher values at higher redshifts
[16℄. At z∼ 10, the expeted luminosities are a few times 1053-1054 erg m2 s−1. The expeted photon number
at a given energy in the GRB spetrum by Meegan (1998) [17℄ was integrated over the appropriate energy
range. Additionally, due to the time dilatation, the GRB is extended to z+1, and so a burst that lasts for
∼ 10 s will be observable for ∼ 100 s. This provides the time onstraint within whih the spaeraft must point
its follow-up instruments. Unfortunately, however, the time dilatation also auses a derease in the ux rate of
high redshifted GRBs. Figure 1, left panel, takes that into aount and shows the alulated ux distribution
assuming a luminosity of 10
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Figure 1. Expeted peak emission and afterglow uxes of GRBs. Left panel: Prompt emission photon ux from GRBs
at various redshifts. Right panel: Best-t spetral ux distribution of the afterglow of GRB970228 from [13℄.
Although the number of photons inreases at lower energy bins, so too does the diuse x-ray bakground.
Therefore, the FOV must be limited in order to detet the GRB above the bakground. The x-ray afterglow is
one to two orders of magnitude lower than the atual burst [18℄. Therefore, a foussing x-ray telesope is needed
to study x-ray afterglows, or even late x-ray bursts, taking plae several minutes after the prompt emission
[19℄. X-ray fousing telesopes work in an energy range of 0.1-12 keV. Therefore, a possible absorption due to
photo-ionization, whih is highest at low energies and drops with the third power of energy, is now investigated.
In X-red's observation eld, near the galati poles, the hydrogen number density is NH = 10
20
m
−2
[20℄.
Aording to Wilms et al. (2000) [21℄ the absorption at 0.1 keV is 4% and dereases fast with energy. Thus,
absorption is negligible.
In the infrared wavelength range, the dimming of the afterglow, redshifting, and time dilatation nearly anel
one another out [13℄. The extintion at high redshifts is likely to be small beause of the rapid derease in
metalliity beyond z∼3. Figure 1, right panel, shows the time dependant derease of afterglow ux. It an be
extrapolated to a short time after the burst (Table 1) and speies the demands on the infrared telesope.
Time after burst K-band Flux
(s) (Jy)
10 2.5
60 0.15
180 0.026
360 0.0086
Table 1. Extrapolated afterglow uxes in the K band
3. INSTRUMENTATION
The main objetive of X-red is to detet a reasonable number of high-redshifted GRBs with a high positional
auray. To ahieve this objetive, the satellite will be equipt with three types of instrument (see layout
in Figure 2, left panel). Four Wide Field Cameras (WFCs) operating at x-ray wavelengths will detet high
redshift gamma-rays and obtain rough oordinates. The X-ray Foussing Telesope (XFT) will perform imaging
observations to improve oordinate auray, and will also extrat x-ray spetra from whih redshifts may be
determined. The InfraRed Telesope (IRT) will extrat near infrared spetra of the high redshift afterglow.
Figure 2. Left panel: Layout of the three dierent instrument types on board the X-red satellite. Right panel: Field
of view of the four WFCs. The radial axis is pointing towards the Sun.
3.1. Wide Field X-ray Cameras
WFCs operating at x-ray wavelengths will detet high redshift gamma-rays and obtain rough oordinates. The
only instruments urrently available for observing a large FOV in the x-ray region are oded mask detetors.
Eah WFC onsists of a oded mask plaed 1.67m above the detetor plane by a rigid omposite struture. The
oded masks, e.g. [22℄ of 3× 3× 1mm (L×W×H) lead piees, were designed to over the whole available surfae
of the servie module. The dimensions of the satellite struture and the sun shield put engineering onstraints on
the design and plaement of the WFCs. For this reason, there are two pairs of masks (see Figure 2, left panel).
The two masks loser to the Sun are symmetri, have a maximum size of 1.71× 1.18m and have almost 160 000
elements eah (with ∼ 50% of them transparent to x-rays). The two masks on the further side from the Sun,
also symmetri, have a maximum size of 1.41× 1.40m and over 161 000 elements eah.
The two main problems posed by detetors overed by oded masks are the bakground photon noise level
and the lak of ollimation in photons reahing the detetor itself. Sine X-red requires not only a large FOV
but high sensitivity (see Setion 2), these diulties must be overome. To overome the bakground photon
noise, a ombination of four WFCs is used, with eah WFC surrounded by a shield. More importantly, it is now
possible to avail of the Depleted Field Eet Transistor (DEPFET) detetor tehnology, a new CCD tehnology
with hybrid soft and hard x-ray detetion and high speed individual pixel readout, urrently in development for
the XEUS mission. This tehnology allows onsiderable improvement in bakground noise redution, see below.
(The lak of ux ollimation is addressed by the XFT design, Setion 3.2.)
Eah WFC is equipped with two 70×70 m detetors, overing an energy range between 0.1 keV and 100 keV.
A 70×70 m Depleted Field Eet Transistor (DEPFET) is plaed in front of a 70×70 m admium telluride
(CdTe) detetor, suh that hard and soft x-ray detetion is possible (see [23℄ for a omplete explanation of
DEPFET and CdTe detetors). The two detetors an be used to trae the photon's path. By knowing the
detetion position in both detetors, it is possible to eliminate bakground photons. Hene, the bakground
photon noise an be redued even further.
Soft x-ray detetor Hard x-ray detetor
Size 70×70 m
2
70×70 m
2
Number of elements 700×700 700×700
Size of eah element 1×1 mm
2
1×1 mm
2
Spetral range 0.1 - 10 keV 10 - 100 keV
Power onsumption 20 W 25 W
Total WFCs Mass 4 x 40 kg
Table 2. Estimated properties for the WFCs detetors.
High redshifted GRBs (z ∼ 20) are fainter than medium redshifted GRBs (z ∼ 10). Coded mask instrument
sensitivity inreases with the size of the detetors. Aording to the expeted uxes, all detetors have been
designed large enough to be able to detet a typial GRB at z = 20 within their energy range. The large
detetor dimensions and the number and size of the pixels (see Table 2) may be onsidered ambitious. However,
it is expeted that tehnologial advanes are likely to meet this demand by the planned launh date of X-red.
Overall, with this onguration, the total FOV of the four WFCs (whih have oded masks of 50% trans-
pareny) is 0.6 steradians (∼ 70 ◦ × 50 ◦, Figure 2, right panel), and the positional auray is ∼ 1 armin
(FWHM∼ 6 armin), as determined by the mask-to-detetor distane, the size of the mask elements and the
detetor pixels.
3.2. X-Ray Foussing Telesope
The seond x-ray instrument on-board is the XFT, whih will perform imaging observations to improve oordinate
auray, and will also extrat x-ray spetra from whih redshifts may be determined. With this instrument, we
an overome the seond diulty posed by the WFC oded mask (mentioned in Setion 3.1), i.e. the lak of
ollimation in photons reahing the detetor.
X-ray grazing inidene mirrors are able to fous x-rays but only under very small reetion angles and, with
inreasing photon energy, the angle beomes even smaller. This results in the typially large foal lengths of
x-ray telesopes. Meanwhile, the dimensions of the fairing (Setion 4.4) and moment of inertia onsiderations
(Setion 4.3) impose a limit on the available foal length for the XFT of 5.5m, with orresponding radius 0.28m
(saling a XMM-Newton type telesope). We must look to new tehnologies to ensure adequate sensitivity under
these foal length and radius restritions.
Silion High-Preision Pore Optis (Si-HPO, or simply `pore optis') is another hallenging new tehnology
urrently in development for the XEUS mission (as is DEPFET, Setion 3.1). Although the onstraint on
maximum tolerable graze angle for pore optis is the same as for onventional mirrors, pore optis an be made
to more eiently ll the aperture of the telesope. This means it is possible to obtain a given eetive mirror
area with a telesope of smaller opening. This in turn translates to a shorter foal length. So the use of pore
optis will not only have the eet of drastially dereasing the mass of the mirrors sine it is very light-weight,
but will inrease the eetive area substantially. With our hosen design, a pore optis telesope will have an
eetive area of 1 400 m
2
1.5 keV, whih is 12 times better than SWIFT [24℄, [25℄.
Having ollimated the photons, we then hoose to implement a photon ounting intrinsi energy resolution
detetor. As with the WFCs, we use DEPFET detetor tehnology of 3.2 cm × 3.2 cm with 640 × 640 pixel.
The detetor will be read out every 1ms in window mode (i.e. only partial detetor read-out aording to
GRB loation, resulting in inreased speed and hene allowing photon energy resolution). The observational
data will yield both x-ray images and spetra. Given a FOV of 10 armin a GRB position auray of 1 arse
is feasible. Further tehnial details are listed in Table 3. From the x-ray spetrum, we an identify emission
and/or absorption lines whih allow determination of the redshift.
3.3. Infrared Telesope
The IRT is intended to extrat spetra of the high redshift optial afterglow. The demands on the IRT are
ditated by the nature of high redshifted afterglows of GRBs. These events are limited in lifetime (days to
months) and the ux is ontinuously dereasing rapidly, so it is rutial to obtain a spetrum as soon as possible.
Telesope Detetor
Type Si-HPO DEPFET
Dimensions r = 28 m 3.2 m × 3.2 m
F = 5.5 m 640 × 640 pixel with 50 µm × 50 µm
Mass 50 kg 40 kg
Resolution mirror 5" ⇒ GRB position: 1"
Energy range 0.1− 10 keV
150 eV FWHM
Eetive Area Aeff = 1400 cm
2
 1.5 keV
Field of View 10 armin
Table 3. Tehnial details for the XFT.
In the majority of GRB afterglows, Lyman-α is the most distintive absorption line [26℄ and is detetable
even with low-resolution spetrosopy and in a noisy spetra. Even though other emission and/or absorption
lines are reognized in afterglows, we expet Lyman-α to be the most prominent line from the rst generation
of stars, due to their hemial omposition. At a redshift of ∼5 to 15 or even up to z∼20, Lyman-α is shifted
into the near infrared (λ∼ 0.73 to 1.95µm, or even 2.55µm). However, for lear determination of the redshift,
detetion of other features is also desirable. Hene, the detetor's wavelength range should exeed λ = 4.0µm.
For an adequate signal-to-noise ratio, our hoie of detetor must operate at ∼35K. The orresponding demand
on thermal design puts strong onstraints on the telesope, the detetor and the whole spaeraft. Ative ooling
systems have the disadvantage that they limit the lifetime of the mission signiantly and inrease the spaeraft's
mass substantially. Passive ooling to 35K is an engineering hallenge but it is absolutely desired, and possible
if the omplete satellite arhiteture is designed aording to this requirement (Setion 4.4.2).
Considering the required spetral range and the feasibility of passive ooling, the Near Infrared Spetrograph
(NIRSpe) of the James Webb Spae Telesope an serve as a basis for the detetor design [27℄. This operates
in the wavelength range of 0.6 to 5.0µm and oers a range of resolutions (R=100 - 3 000). Given that afterglow
uxes derease rapidly over time, high resolution spetrosopy is not possible sine the photon rates are low
and spae-based mirrors are too small. However, for determination of redshift, low resolution spetrosopy is
suient. Therefore, we propose a modied NIRSpe with a "low" resolution mode of R∼ 30 and a "high"
resolution mode of R∼ 100. For a telesope diameter of 0.85m the required minimum near infrared uxes for a
10σ event orresponds to 8.6 (or 28.5)mJy (by saling NIRSpe) at a given resolution of R∼ 30 (or R∼ 100).
IR-Telesope IR-Detetor
Diameter 0.85 m 0.80 m
Height 1.5 m
Operating temperature 50 K 35 K
Mass 50 kg 100 kg
Spetral range 0.6 - 5 µm
Resolution R ∼ 30, R ∼ 100
Field of View 3.4 × 3.4 armin
Power onsumption 20 W
Table 4. Estimated properties for the IRT and the infrared detetor.
4. MISSION ARCHITECTURE
4.1. Orbit & Launher
The spaeraft orbit was hosen as the Lagrangian point, L2, where gravitational pull and entripetal fore
between Sun and Earth are equal. This loation will provide long term uninterrupted observations of GRBs and
their afterglows with the XFT and IRT, whih would not be ahieveable from an Earth orbit. The loation will
also avoid elipses, giving a stable thermal environment.
Thanks to the advaned light-weight instrument tehnology (Setion 3) and hoie of light-weight passive
ooling (Setion 4.4), the mass loading is minimised and so we an hoose the heaper Soyuz launher, whih
imposes a lower mass onstraint than the more expensive Ariane 5. This hoie also, however, gives some limiting
onstraints to the total dimensions of the spaeraft. It will be equipt with the new ST fairing (oering larger
dimensions for a bigger payload). The internal dimensions of this fairing are ∼3.8m in diameter and ∼9.5m in
height, but forming a one at the top whih leaves an eetive height Heff∼ 6m for the basi 3.6m diameter
ylindrial shape. A Fregat module, whih provides the nal injetion to L2, is inluded in the fairing.
It is expeted that the SoyuzFregat spaeraft will be launhed from the European Spaeport in Korou. The
Soyuz will bring the spaeraft to an intermediate orbit around Earth at whih point the Fregat module then
performs the injetion to the transfer orbit, inluding a y-by maneuver with the moon, until it nally reahes
L2. Upon arrival, the spaeraft will perform a haloorbit about the instable L2 point, with a total amplitude
of 8× 108m.
4.2. Propulsion
In order to orret the ight trajetory to L2, and to maintain stability about the instable L2 point, a propul-
sion system will be inluded in the spaeraft. Additionally, this will serve to ooad the momentum wheels
(Setion 4.3), whih are inluded in the spaeraft for pointing manoeuvres. Required trajetory orretions of
50m s
−1
and stability orretions of 2m s
−1
yr
−1
are expeted. Estimating an extended maximum lifetime of
10 years for the mission, the sum of all orretions is ∼ 70m s−1.
The thruster propellant hosen is hydrazine (N2H4), for its high spei impulse (Isp∼ 230 s) ompared to
a liquid gas like nitrogen (Isp∼ 70 s). Eletrial thrusters (Isp> 1 000 s) do exist but they require a stable high
voltage supply and a non-standard power proessing unit, the mass of whih inreases with spei impulse.
Also, they oer best performane for long thrust periods, and so are not required for this mission. Furthermore,
struture and mass onstraints prelude eletrial thrusters. Therefore, hydrazine thrusters are favoured, as
their high spe impulse means lower fuel mass rendering them more suitable for longer duration missions. In
addition to the propellant mass, the speiations for the thrusters, pipes and valves have to be onsidered. For
the expeted requirements, a system of 16 thrusters eah providing a fore of 10N is deemed suient. The
propellant will be stored in two tanks situated in the servie module. The mass estimated for a total lifetime
of 10 years is ∼ 70 kg, and is broken down as follows: propellant ∼50 kg; tanks (2×6 kg) ∼12 kg; thrusters
(16×0.3 kg) ∼4.8 kg; pipes and valves ∼3 kg.
4.3. Attitude Control
Sine using thrusters for the attitude ontrol would add extra propellant mass and exeed the mass limitations
of the spaeraft, we hoose instead a four momentum wheel system (for redundany purposes) orientied in a
tetrahedron to ontrol the rotation of the spaeraft. This attitude ontrol system will inlude two star trakers,
with a positional auray of 0.25 arse (FWHM∼1.0 arse), pointing parallel to the XFT  IRT alignment.
The spaeraft is of eetive height Heff ∼ 6m (Setion 4.1) and of mass m∼ 1 500 kg (Setion 5). Assuming a
ylindrial geometry, the satellite's highest possible rotational moment of inertia, I, (i.e. about the x or y axis,
see Figure 3) was estimated by
I =
1
12
m (H2eff + 3R
2) +mH2com
where R is the spaeraft radius and Hcom is the height of the enter of mass of the ylinder (Hcom=
1
2
Heff -HSM ,
see Setion 4.4). The rst term represents a rotation around the enter of the ylinder. The seond term is a
orretion term, using Steiner's law, to aount for the distane oset between the enter of the ylinder and its
enter of mass, sine the enter of mass is loated between the servie module (SM) and payload module (PM)
(Figure 3, left panel). The resulting moment of inertia is I ∼ 9 100 kgm2. Sine the momentum wheels must slew
the satellite to any point in the FOV of the WFCs within 60 seonds, an angular speed of ∼0.01 rad s−1 must
be ahieved. Therefore, the momentum wheels are required to store an angular momentum of 91Nm s.
Angular momentum 91 Nms
Operating speed 8000 rpm
Max. speed 15000 rpm
Weight 4 x 11 kg = 44 kg
Size(diameter, height) 280 mm x 30 mm
Peak power 750 W
Mean power 100 W
Table 5. Speiations of the momentum wheels (based on http://www.vft.om/satellites/wheels)
4.4. Spaeraft Engineering
The spaeraft is divided into two parts: the servie module (SM) and the payload module (PM) (Figure 3, left
panel). The PM arries all the sienti instruments, the ommuniation antenna, star trakers, sun shields
and passive ooling radiators. The SM inludes all the devies neessary for housekeeping, attitude ontrol,
propulsion system, et. The solar panels are mounted on the side faing the Sun (hequered areas in Figure 3(a).
The bak side is equipped with blak painted radiatiors (Figure 3(b)). Finally, due to its omparatively long
foal length, the XFT neessarily extends into the SM.
General onsiderations in spaeraft engineering inlude the struture and thermal design. The struture
must provide the stiness neessary to survive the launh, and to assure pointing auray during the mission.
The thermal design must ensure the instruments are shielded from solar radiation, sine they need to be kept
at ertain operational temperatures. Rather than hoosing a ylindrial shape, an otagonal struture for the
spaeraft was hosen for ease of design (partiularily regarding the solar panels) and ost eieny. Lastly,
the surfae of the spaeraft has to be eletrially ondutive, avoiding potential dierenes that ould ause
disharges and damage to the devies on-board.
x
y
z
HPM
HSM
30°
(a)
(b)
R
L
Figure 3. Geometry of the spaeraft. Left Panel: The geometry of the division into SM and PM (HPM=4.5 m,
HSM=1.5 m). Right Panel: The geometry of the sun-faing front (a) and dark rear (b) of the SM (R=1.8 m, L=1.34 m).
4.4.1. Power Systems
The major omponents of the power systems onsist of solar arrays, storage batteries, a power regulator system
and a power distribution system. In this setion we will fous on the main power soure, the solar arrays. The
orbit for X-red around L2 will avoid elipses, thus the solar arrays are a reliable soure of power. However,
storage batteries must be inluded as well, in order to provide peak power to the spaeraft and also as a bakup
power soure for possible emergeny senarios. To design the solar arrays, the power requirements of the dierent
subsystems were estimated (Table 6).
Subsystem Power requirement
WFC 180 W
IRT 20 W
XFT 15 W
Momentum wheels 100 W, (750 W peak)
Teleommuniation 100 W
Data handling 20 W
Attitude sensors 20 W
Power system itself additional 20%
Total a. 550 W
Table 6. Estimated power requirements
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tri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power from the solar panels.
The power loss from the solar arrays to the loads is expressed by the supply eieny ηs∼ 0.85, while further
degradations (design and assembly ineienies, degradations due to non-optimal temperature of the array and
inherent degradation) add up to a deployment eieny ηd∼ 0.55 [28℄. To full the power requirements, highly
eient solar arrays are mounted on the SM. A produt from Spetrolab was hosen, for illustration. The
Ultra Triple Juntion (UTJ) Solar Cells have a minimum average eieny at the beginning of life (BOL) of
ηBOL=28% and at the end of life (EOL) ηEOL=24.3%. The solar radiation density (solar onstant) at the
L2 orbit (i.e. at a distane of 1AU+1.5× 109m from the sun) is J
L2
= 1344 Wm2 . The power output from a
solar ell at the EOL (worst ase) is then ontrolled by the following relationship:
Psolar = JL2 ηEOL A ηs ηd cos θ
where θ is the solar zenith angle (i.e. the angle between the normal vetor of the area and the solar rays) and
A is the area of the ells. By simple onsiderations, the required area amounts to 3.5m2. However, sine our
spaeraft is otagonal and our spaeraft is designed to rotate by ± 30◦ about the x and/or y axis (implying
that sides faing the sun always have dierent solar zenith angles), a more sophistiated approah is desirable.
A simulation program was written to study in detail the impat of rotation on power generation and thermal
aspets. As a result of the geometry of the SM, the total area of the solar panels is 4 m2. Figure 4 illustrates
that the hosen area guarantees the required eletri power even given EOL and low light onditions.
4.4.2. Thermal design
When faed with a long mission duration and mass limitations, passive ooling beomes imperative. The primary
engineering hallenge is the ooling of the IRT, whih will operate at 35-50K. The spaeraft will orbit around
L2, thus one side will always point towards the Sun and the other always away from it. A blak body in spae
will radiate aording to the Stefan Boltzmann fourth power law, and will absorb the inident solar radiation
Jincident:
Jradiated = εσT
4 , Jabsorbed = αJincident
where ε is the emittane, α is the absorptane, and σ is the Stefan-Boltzmann onstant equal to 5.67×10−8 W
m2K4
[29℄. Choosing materials with the right absorptane and emittane properties is ruial. The sum of the absorbed
power and dissipated power should not exeed the radiated power. A spaeraft in thermal equilibrium fulls
J
L2
∑
i
αiAimax{0, cosθi}
︸ ︷︷ ︸
Pabsorbed
+Pdissipated = σ
∑
j
εjAjT
4
j
︸ ︷︷ ︸
Pradiated
where J
L2
is the solar onstant, αi the absorptane of eah fae, Ai/j the area of eah fae, Tj the temperature of
eah fae and θi is the solar zenith angle of the faes. Only faes with a solar zenith angle within ±90
◦
ontribute
to the absorbed power.
Thermal design of the PM
The PM onsists mainly of the WFCs, the XFT, the IRT, a sunshield and radiators. The 30
◦
ut (Figure 3,
i.e. right side is smaller than the left side) is designed to shield the instruments from solar radiation. The XFT
detetor plane will reside in the SM, and so must be thermally ontrolled there. The IRT has to be kept on the
shaded side in order to avoid heat as muh as possible, beause of its sensor temperature requirement of ∼ 35K.
Thermal insulation has to be optimal, with a maximum heat transfer, Q, of 1 W. The WFCs, whih onsume a
lot of power, are kept at room temperature. Table 7 provides an overview of the relevant instrument data.
Instrument Power dissipation Temperature Heat Transfer Area required
(W) (K) (W) (m
2
)
WFC 200 293 10 0.03
IRT 20 35 1 13.06
XFT 15 253 2 0.01
Table 7. Overview of instrument details relevant for thermal engineering. The area required is that neessary to ool the
instrument to the desired temperature.
Parts of the payload struture that are faing the Sun are oated with white paint (e.g. Alion produts YB-71
and YB-71P with α∼ 0.12 and ε∼ 0.90), the bak side is passively ooled by radiating areas oated with blak
paint (e.g. Alion produts MH216NLO and MH21-IP with α∼ 0.95 and ε∼ 0.90). Therefore, the required area
follows from
Aj =
Qj
σεT 4j
where Qj is the heat transfer for the jth area and Tj the orresponding temperature. Simulations showed that
the required area for the radiators (Table 7) does not exeed the available area. This is of partiular interest sine
35 K for the IRT is diult to ahieve by passive ooling. By using the suggested material the thermal budget
yields more radiated power than absorbed power as an be seen in Figure 5(a) beause the white paint overs a
rather big area and has a high emittane. This fat is important beause heating is always easier than ooling.
By using dierent materials (polished aluminium or blak paint) or heaters, a more balaned thermal budget is
possible. In our analysis, we negleted detailed strutures, suh as the high gain ommuniation antenna dish
on the front, whih would ontribute to heating rather than to ooling.
Thermal design of the SM
The front fae of the SM is ompletely overed by solar panels, whih will heat up the module. The thermal
design of the SM fousses mainly on keeping the module at room temperature to guarantee a stable operating
temperature for its devies, partiularly the batteries and the propellant. This is done by radiators on the rear
fae. Given that there is also an instrument in the SM, the XFT, an additional radiator panel has to be provided
to keep it at the speied temperature (Table 7). Simulations onrmed that, within rotations of ±30◦ (about the
x and/or y axis), the radiated power always exeeds the sum of the absorbed and dissipated power (Figure 5(b)).
In summary, it is shown that the proposed design is feasible in providing the required thermal speiations
of all instruments and devies. The layout allows operation of the IRT in the temperature range of 35-50 K.
Calulations reveal the engineering hallenge to be insulation of the IRT suh that the heat transfer does not
exeed 1W, in whih ase it will not be possible to alloate suient area for the radiators.
4.5. Telemetry
The aim of this setion is to estimate the amount of data produed by the various on-board instruments, and to
examine the best way to ommuniate with the ground stations. The largest amount of data will undoubtedly
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Figure 5. Thermal PM and SM performane. The plane surfae represents the emitted power, the urved surfae is the
absorbed power plus the eletrially dissipated power.
ome from the WFCs. This is mainly due to the diuse x-ray bakground, the intensity of whih is estimated as
follows, [30℄, [31℄. The number of photons in a given energy range ( m
−2
steradian
−1
s
−1
) is given by:
dN(E)
dE
= 9.8
phot
s cm2 keV sr
E−1.42 for 1 keV < E < 15 keV
dN(E)
dE
= 167
phot
s cm2 keV sr
E−2.38 for E > 15 keV
Integrating over the appropriate energy range (0.1-100 keV), and multiplying by the total detetor area and
FOV of the four WFCs, gives a total number of 87 000 photons s
−1
(assuming oded mask eieny ∼ 50%).
The relevant data that needs to be stored for every photon onsists of six haraterising numbers: the (x,y)
position on both detetors, the x-ray energy, and the time. Sine eah of these will be stored on 10 bits, it
amounts to 60 bits per photon. So we expet the data rate of the 4 WFCs to be ∼5.3Mb s−1, while the XFT
and IRT require omparatively negligible rates (i.e. ∼50 kb s−1). The total omes to ∼5.5Mb s−1.
The large data rate leaves two alternative. The preferred senario involves using a high-gain, steerable
antenna (HGA) in searhing for GRBs. In addition to the HGA ontinuously transmitting WFCs data to Earth,
a medium-gain antenna (MGA) ensures minimal data transmission for housekeeping and emergeny situtations.
Also, the spaeraft must be apable of storing data onboard for a limited time. Estimations show the need for a
1.2m diameter HGA and a ground antenna diameter of 30m. However, various restritions have to be onsidered.
Currently, available ground stations annot ensure omplete ground overage, and a steerable HGA an onstrain
the observable region. However, the data rate is the main onern, even given data ompression. For other spae
missions, data transmission rates of almost 3Mb s
−1
are under development and will be ahievable from L2
when satellite missions like GAIA [32℄ are launhed. The alternative senario uses a MGA, whih inevitably
means onboard raw-data proessing and storage. The redued data are transmitted to ground during a limited
time interval (typially a few hours). The rst senario is muh more attrative, mainly beause of the higher
exibility and real-time ground-based data proessing, but its feasibility depends on future developments mainly
in antenna tehnology.
5. MASS ESTIMATE
One of the key points to note about this mission design is the light-weight tehnology and feasibility of passive
ooling (whih does not inrease mass through uid onsiderations). This allows us to hoose a smaller launher
(Setion 4.1), whih ultimately leads to a signiant redution in overall mission osts. The individual masses for
the subsystems are roughly broken down as follows: WFC∼160 kg ; XRT ∼90 kg; IRT ∼150 kg; attitude ontrol
system ∼114 kg; power system & telemetry ∼130 kg; struture ∼550 kg. This gives a total mass of the spaeraft
within the mass limitations for a Soyuz launher, i.e. 1 500 kg.
6. OBSERVING STRATEGY
Observing the sky for GRBs is the primary objetive of the X-red mission. The mission design aounts for the
fat that we annot observe in either the galati or elipti planes, so as to avoid high x-ray bakground levels
and possible x-ray ashes unrelated to GRB events.
While the WFCs are monitoring the sky for GRBs, the WFCs data (with positional auray of 1 armin) are
analyzed by the satellite's software and are ontinuously transmitted to Earth in real time. The spaeraft then
ats automatially on the oordinate information, to take further data with the other instruments. However,
the satellite's GRB detetion software will have a high deteting threshold, to prevent triggering by false events.
Ground stations have the option to analyze the WFCs' data, and may hoose to override the satellite ontrols in
order to study GRBs that failed to reah the detetion threshold. In this ase, the total time loss would be 20 s.
Whether by automati instrution or manual override, the satellite will slew to point the XFT and IRT on the
GRB position in less than 60 s. The XFT and IRT instruments will then observe the GRB and its afterglow. The
XFT an improve the positional auray to within 1 arseond, and immediately transmit this information to
Earth where ground-based telesopes may hoose to begin follow-up observations. Note, however, that thermal
and power issues plae restritions on spaeraft orientation and so, following observation of several GRBs, the
spaeraft must be reorientated to a position that ensures optimal thermal and power onditions.
7. CONCLUSIONS
Extremely high redshifted GRBs provide unique probes of the rst generation of stars and the early Universe. We
present X-red, a omplete mission design from the siene ase to the payload and overall mission arhiteture,
the objetive of whih is to observe these high redshift GRBs for the rst time.
We have demonstrated the feasibility of deteting high redshift GRBs in terms of both statistial number of
detetions and also adequate ux levels at x-ray and infrared wavelengths. The results ditated the demands
on instrumentation. We then desribe the payload whih omprises three instruments, namely wide eld x-ray
ameras to detet high redshift gamma-rays, an x-ray foussing telesope to determine aurate oordinates and
extrat spetra, and an infrared spetrograph to observe the high redshift optial afterglow. We suessfully
demonstrate that our sienti objetives are ahieveable when harnessing new tehnologies (i.e. DEPFET and
pore optis), and we suessfully meet instrument aomodation and environmental demands through our mission
arhiteture. One of the key points to note about our overall mission design is the light-weight tehnology and
feasibility of passive ooling. This signiant redution in mass allows us to hoose a smaller launher, whih
ultimately leads to a signiant redution in overall mission osts without ompromising sienti objetives.
In the planned 3 years mission, we expet to detet and identify 15 GRBs of z>10. These will onstitute the
rst observations of high redshift GRBs, and are expeted to provide valuable onstraints on properties of the
rst generation of stars and on the history of the early Universe.
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